Treatment of rats with ethionine was found to cause severe impairment in the aminoacylation capacity of tRNA. This effect was only observed when assayed in injected oocytes, while in^ vitro assays of aminoacylation failed to detect differences between normal tRNA and tRNA from ethionine treated animals. The effect of ethionine on the tRNA population was not uniform and differed for various amino acid specific tRNAs. Thus liver tRNA from ethionine treated rats showed a decreased capacity for phenylalanine aminoacylation, while no change was found in the case of leucine. On the other hand, the level of histidine aminoacylation was higher for tRNA from ethionine treated animals. An even more complex response was observed with methionine aminoacylation where tRNA from ethionine treated animals showed an initially faster rate than control tRNA. With more prolonged incubation periods, the methionyl-tRNA from ethionine treated animals was deacylated at an accelerated rate while the level of normal methionyl-tRNA remained almost constant.
INTRODUCTION
Ethionine is a hepatocarcinogen (1) and its injection into rats causes methyl-deficiency in liver DNA (2) and tRNA (3) (4) (5) . Homologous liver extracts from untreated animals have been used to methylate i£ vitro tRNA from liver of ethionine injected animals (3) (4) (5) and the principal methyl-deficiency is found to be on guanine moieties (4) (5) (6) . Ethionine is also reported to induce ethylation of guanine residues in tRNA (7) and one of the main ethylation Lvs targets has been identified as tRNA ' 2 W • Our main goal was to examine the effect of ethionine treatment on the biological activity of tRNA. The aminoacylation reaction of tRNA as well as the participation of arainoacyltRNA in protein synthesis were assayed in injected Xenopus oocytes and in a cell-free system. We show that the injected oocyte system reveals functional differences in the aminoacylation reaction between the tRNA isolated from livers of ethionine treated animals and control rat liver tRNA. This is in contrast with in vitro cell-free tRNA assays where smaller differences were observed. In addition, both the injected oocyte system and the cell-free assays showed that tRNA from ethionine treated animals has a reduced ability to participate in protein synthesis. 
MATERIALS AND METHODS

Chemicals
Preparation of tRNA
Livers of untreated and 3 days and 5 days ethionine treated rats were homogenized at 4° in 0.01M Tris-HCl (pH 7.5), 0.01M MgCl and 0.1% SDS (4ml/g of wet weight) with an Ultra Turrax high speed homogenizer (1 min at top speed).
An equal volume of water saturated phenol was added and the mixture was stirred for one hour at room temperature. After centrifugation (20 min at 16,000 x g) the aqueous phase was removed and reextracted for 30 min with half the volume of phenol solution. tRNA was purified by high salt step-wise Sepharose chromatography (9) and stored at -20° as a suspension in 2.5 volumes of ethanol.
The purity of the tRNA preparations was checked by electrophoresis on polyacrylamide agarose gels (10) , which showed only slight contamination by 5S RNA.
Preparation of tRNA methylases and aminoacyl-tRNA synthetases Crude Xenopus oocyte extracts were the source for both tRNA methylases and aminoacyl-tRNA synthetases. About 500 oocytes were homogenized in 5 ml of 0.05M Hepes (pH 7.5), 0.01M MgCl 2mM DTT, and 0.25M sucrose, using a Dounce homogenizer. The extract was first centrifuged for 10 minutes at 16,000 x g and then for two hours at 100,000 x g. The supernatant was used immediately for the methylation assay. For aminoacylation experiments, the extract supernatant was stored at -80 in 30% glycerol. Partially purified rat liver enzymes were isolated by affinity chromatography on Blue DextranSepharose (11, 12) .
For Plaskon (RPC S) chromatography, the aminoacyl-tRNA preparations were N-acetylated as previously described (13, 14) .
Protein concentration was determined following the method of Ehresmann e£ al^. (15) .
tRNA aminoacylation assay
The assays (0.1 ml) were performed in the following reaction mixture: with N-acetylphenylalanyl-tRNA as previously described (14) .
Cell-free protein synthesis
An S-30 extract of wheat germ was prepared from commercial wheat germ (Bar-Rav Mill, Tel-Aviv, Israel) as described (18 for 90 minutes at 25°. The amount of radioactivity incorporated into protein was determined by withdrawing 10 yl aliquots and diluting into 1 nil of water, to which 0.5 ml of 1M NaOH containing 2 mg/ml casamino acids was added and the mixture incubated at 37° for 15 minutes. The proteins were then precipitated by the addition of 1 ml of 25% trichloroacetic acid and acid-insoluble radioactivity was determined as described above.
Oocytes microinjection
A. Aminoacylation of tRNA At the end of the incubation period the oocytes were homogenized in 100 ul of 0.1M NaOAc (pH 4.5), the aminoacyl-tRNAs were extracted with 2 ml of phenol saturated with 2 ml of 0.02M NaOAc (pH 4.5), 0.01M MgCl , lmM EDTA, and 0.1% Triton X 100 (20) . The water phase was separated by centrifugation at 10,000 x g for 10 min and the aminoacyl-tRNAs were precipitated with trichloroacetic acid in the presence of carrier bovine serum albumin.
B. Protein synthesis
About 50 oocytes were each injected with 50 nl of Barth medium containing the different labeled aminoacyl-tRNAs (250-500 ng), 5 ng of globin mRNA, myeloma nRNA or CarMV RNA respectively. In the case of globin mRNA lmM of haemin was included in the injection medium (21) . The oocytes were then incubated for an additional period of 12-16 hrs in fresh Barth medium at 21 .
At the end of the incubation period the oocytes were homogenized in 100 ul of 0.1M NaOAc and the 16,000 x g supernatant was processed as described for the cell-free system.
RESULTS
Characterization of tRNA isolated from control and ethionine-treated rats
The extent of undermethylation of the various liver tRNA preparations was determined by measuring the incorporation of methyl groups transferred 14 from CH -Adomet using oocyte extracts as a source of tRNA methylases. As shown before (5), tRNA preparations from animals injected for 3 days with ethionine are more undermethylated than tRNA preparations from animals treated for 5 days (Table I ). It was suggested that the lower level of undermethylation in tRNA from 5 days treated rats was due to a rise in the level of tRNA methylases, thus partially overcoming the inhibitory effect of the accumulating S-adenosylethionine (5, 22) .
Oocyte extracts were also used to determine the ir^ vitro aminoacyl acceptance activity of the different tRNA preparations. As shown in Table I, tRNA from ethionine injected animals has about the same acceptance activity as tRNA from control animals, except for histidine for which tRNA from ethio- nine treated rats repeatedly showed higher values of aminoacylation. We have also examined the i£ vitro aminoacylation capacity with partially purified rat liver phenylalanyl-tRNA synthetase and histidyl-tRNA synthetase (11, 12) and in this experiment as well, the extent of the aminoacylation was the same as with the heterologous enzymes.
Time course experiments which compared the rate as well as the extent of in vitro aminoacylation of tRNA from control and ethionine treated animals are shown in Fig. 1 . These experiments did not reveal any differences between the 10 20 minutes Fig. 1 : Time course of in vitro aminoacylation of tRNA isolated from control and ethionine-treated rats, using crude extracts from Xenopus laevis oocytes, •
• control tRNA, x x tRNA from 3 days ethionine treated rats.
two tRNA preparations for the aminoacylation of methionine and phenylalanine and confirmed the observation that tRNA from ethionine treated animals was aminoacylated with histidine to a higher extent than tRNA from control animals.
Thus the iii vitro assays of aminoacylation failed to detect major differences between normal tRNA and tRNA from ethionine treated animals.
Chromatography of N-acetylaminoacyl-tRNA
Plaskon chromatography was chosen to examine possible structural differences between tRNA from control and ethionine treated rats. It was previously demonstrated that Adomet is involved in the biosynthesis of the hypermodified Wye and Q bases in tRNA Phe and tRNA HlS respectively (23, 24, 25) . The proportion of these modified bases varies between tRNA from normal and several tumor lines and can be analyzed by Plaskon chromatography (16, 17, (24) (25) (26) (27) (28) (29) (30) . One way of explaining the ethionine effect is to assume that it affects the biosynthesis of these bases. Fig. 2 shows the chromatographic separation on RPC-5 columns of N-acetyl blocked histidyl-, phenylalanyl-and methionyl-tRNAs. Appropriate salt gradients were chosen to allow separation between various isoaccepting tRNA species. These analyses did not reveal major differences between tRNA from control and ethionine treated rats. Thus, ethionine has no effect on the content of peroxy-Wye or Q bases of rat liver tRNA.
The percentage of tRNA deficient in peroxy-Wye base was also determined by affinity chromatography on an anti-Wye antibody column (14, 17) (Fig.3) .
The two tRNA preparations showed an identical profile on the antibody column confirming the results obtained by Plaskon chromatography.
In vivo aminoacylation
The functional integrity of the different tRNA populations was also tested by their ability to be aainoacylated in^ vivo after microinjection into Xenopus oocytes. The oocytes were preincubated 16 hrs with the corresponding amino acid, which resulted in a constant specific activity of the pool for the given amino acid. Between 2-4 ug of total tRNA were injected, representing 50-100 times the amount of endogenous tRNA (20) . The time course of aminoacylation of the four amino acids methionine, phenylalanine, histidine and leucine are shown in Fig. 4 . In this system marked differences in the aminoacylation pattern were observed between the control and the ethionine-treated tRNA. The effect of ethionine on the tRNA population was not uniform and differed for the various amino acid-specific tRNAs. Methionine aminoacylation (Fig. 4a ) from ethionine exposed animals showed an initially faster aminoacylation rate than tRNA from control animals. This was observed both with tRNA preparations isolated from rats treated for either 3 or 5 days. With A different aminoacylation time course was revealed for phenylalanine.
The rate of phenylalanine charging of tRNA from animals treated with ethionine for 3 or 5 days were similar and considerably slower than control tRNA (Fig.4b) .
On the other hand, aminoacylation of histidine was more efficient for the tRNA isolated from ethionine treated rats for 3 or 5 days (Fig-4C) . Leucine was the only amino acid tested which showed no differences in the time course of iii vivo aminoacylation. The rate and extent of aminoacylation were the same for both tRNA preparation from control and ethionine treated rats (Fig. 4d) .
The different aminoacylation kinetics of tRNA from ethionine treated rats were not altered by heating the tRNA preparations in the presence of lmM spermidine or 4mM MgCl~ under conditions known to cause renaturation of tRNA (14) . In order to rule out the possibility that the tRNA isolated from livers of ethionine treated animals contained a specific inhibitor which was responsible for the observed effects, a mixing experiment was performed. In this experiment, methionine aainoacylation in Xenopus oocytes was followed. The values observed for the tRNA mixture from control and 5 days ethionine treated rats were close to the expected values, calculated from the aminoacylation values obtained in a parallel experiment where a single tRNA preparation was injected into oocytes. These experiments may indicate that the impaired aminoacylation of ethionine tRNA is due to a change in the tRNA itself.
Reduction in the amount of injected ethionine from 25 to 2.5 mg/100 g weight resulted in discrimination of its effect on tRNA and tRNA species:
while methicnine aminoacylation assayed in injected oocytes with tRNA preparation isolated from rats treated with 2.5 mg/100 g showed inhibition of methionine aminoacylation, aminoacylation of ptenylalanine was not affected.
Further reduction of the injected ethionine concentrations to 0.25 mg/100 gr weight resulted in tRNA preparation which behaved like normal tRNA. Thus it can be concluded that sensitivity of the different tRNA species to ethionine treatment varies and that the crucial concentration to obtain ethionine effect is between 2.5-25 mg/100 g weight; concentrations used by other workers to study the effect of ethionine on tRNA (4, 5, 8) .
Cell-free and in vivo protein synthesis with aminoacyl-tRNAs
We further investigated the differences in function of the different tRNAs by their ability to participate in protein synthesis. Two different assays were used: the wheat germ cell-free system and the Xenopus oocytes system. In each system we tested the participation of aminoacyl-tRNA in protein synthesis in the presence of exogenous globin mRNA, myeloma mRNA or CarMV RNA. The relatively high abundance of histidine residues in globin enabled us to examine the participation of histidyl-tRNA in the synthesis of this protein, and likewise the higher abundance of phenylalanine in myeloma protein and CarMV coat protein allowed us to follow its incorporation into the above proteins.
In the case of the oocyte system it was previously shown that injected aminoacyltRNA will transfer the aminoacyl residue directly into nascent proteins without going through the free amino acid pool (31) .
All the experiments were done in parallel and the same concentration of 3 14 aminoacyl-tRNAs were used. Double label experiments using [ H] and [ C] aminoacyl-tRNAs were inadequate, since the requirement for mixing the two isotopes in a proper ratio resulted in adding different amounts of deacylatedtRNA which is inhibitory to protein synthesis (32) . The results are presented as percentage of input of radioactivity incorporated into protein. In both assay systems, a decreased incorporation of aminoacids into proteins (Table II and III)was observed when tRNA from ethionine treated rats was used. The effect was most pronounced when the efficiency of histidyl-tRNAs in supporting globin synthesis was examined. Histidine is known to be relatively abundant in globin and this is confirmed by the fact that as much as 50% of the label The oocyte system has been shown to be useful in studying mRNA translation (19) and various tRKA functions (34, 20, 35) . In the present study it was found that impaired aminoacylation of tRNA from ethionine treated animals was only observed when assayed in injected oocytes. By contrast cell-free aminoacylation assays using oocytes extracts as the source of aminoacyl-tRNA synthetases failed to detect significant differences between the tRNA preparations from normal and ethionine treated rats. Thus, the iri vivo oocyte system is, by far, more sensitive to minor modifications in the tRNA and could be used to study the role of modified nucleosides in tRNA.
The effect of ethionine treatment on the aminoacylation capacity of tRNA varied from one specific tRNA species to another. Thus liver tRNA from ethionine treated rats showed a decreased capacity for phenylalanine aminoacylation while no difference was found in the capacity to accept leucine.
On the other hand, the level of histidine aminoacylation was higher for tRNA from ethionine treated animals. The higher capacity for histidine aminoacylation may reflect modulation of tRNA ls synthesis, perhaps as a response to the poor efficiency of tRNA in protein synthesis which was observed both in the injected oocytes and in the wheat germ cell-free system (Table II and   III) . Methionine aminoacylation of tRNA from ethionine treated animals occurred at a faster rate than the control tRNA. Moreover, at more prolonged incubation periods the methionyl-tRNA was deacylated at an accelerated rate while the level of the normal methionyl-tRNA remained almost constant. This may
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suggest a different conformation for the tRNA from ethionine exposed animals that may lead to more rapid deacylation rate or perhaps to its degradation.
Analysis of the N-terminal amino acid of the proteins synthesized in oocytes injected with globin mRNA and incubated with [ S] methionine showed that the oocyte apparently removes the initiator methionine from the newly made proteins. Therefore the observed reduction in globin synthesis could be due to an impairment of either the initiator tRNA or the elongating tRNA or both. It appears therefore that the transfer of aminoacyl residues from aminoacyl-tRNAs into nascent proteins is a very efficient tool in revealing changes in the biological activity of tRNA. This reduced activity in the transfer function of tRNA may perhaps explain the drop in protein synthesis observed i_n vivo in livers of ethionine exposed rats (36) . It is also evident that Plaskon chromatography did not reveal any major structural alterations between tRNA from normal and ethionine treated rats. Thus the chromatographic analyses are far less sensitive to tRNA modifications than the biological assays. In vivo treatment of ethionine has a pleiotropic effect in rat livers:
it causes an inhibition of protein synthesis partly because of a depletion in ATP levels as well as an inhibition of nucleic acid methylation by interfering with the metabolism of Adomet (1). In addition ethionine has been reported^ to induce ethylation of purine residues in tRNA (7). The cause of impaired biological activity of tRNA from ethionine treated rats is yet to be determined;
it could be possibly due to ethylation, undermethylation altered processing or/and change in conformation.
